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Abstract 

The  performance  of  free-breathing  polymer  electrolyte  membrane  fuel  cells  (PEMFCs  j  was  studied  experimentally  and  the  effect  of  the  cathode 
separator  structure  on  the  cell  performance  was  investigated.  Two  types  of  cathode  separators  were  used  for  a  cell  with  an  18  cm2  active  area: 
an  open  type  with  parallel  rectangular  open-slits  and  a  channel  type  with  straight  vertical  channels  with  open  ends.  The  polarization  curves,  cell 
impedance,  and  contact  pressure  distribution  of  the  separators  were  measured  with  each  type  of  cathode  structure.  The  result  showed  that  it  is 
difficult  to  realize  a  uniform  contact  pressure  across  the  cell  layers  for  the  open  type  separator,  and  this  results  in  higher  contact  resistance  and 
poorer  cell  performance  than  the  channel  type  separator.  The  channel  type  separator  can  maintain  a  low  contact  resistance,  and  the  cell  performance 
is  strongly  affected  by  the  natural  convection  inside  the  channel.  Optimization  of  the  channel  design  of  the  channel  type  separator  achieves  good 
performance  and  this  type  of  separator  is  superior  for  a  free-breathing  PEMFC.  A  computational  three-dimensional  analysis  for  the  free-breathing 
channel  type  PEMFC  with  the  different  channel  depths  was  performed,  and  it  identified  the  influence  of  natural  convection. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  polymer  electrolyte  membrane  fuel  cell  (PEMFC)  has 
attracted  increasing  attention  as  a  portable  power  source  for 
cellular  phones,  notebook  computers,  and  applications  in  small 
robots  because  of  its  longer  operation  time  compared  with  the 
conventional  rechargeable  battery  and  as  there  is  no  need  to 
recharge  [1,2].  To  achieve  practical  use  of  the  PEMFC,  a  further 
reduction  in  size  and  weight  is  needed  and  reducing  auxiliary 
devices  is  desirable.  The  free-breathing  PEMFC  has  been  pro¬ 
posed  as  one  kind  of  small  size  PEMFC  systems.  As  oxygen 
from  the  air  is  fed  by  natural  convection  at  the  cathode  side 
of  the  free-breathing  PEMFC,  there  is  no  need  of  an  auxiliary 
oxygen  supply  device. 

Cathode  separators  of  the  free-breathing  PEMFC  may  be 
classified  into  two  types.  An  open  type  separator  has  open-slits 
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where  the  ambient  air  is  supplied  directly  thorough  the  slits,  and 
a  channel  type  separator  has  straight  vertical  channels  with  open 
ends  where  the  ambient  air  is  supplied  from  the  bottom  of  the 
open  ends  and  flows  upward  by  buoyancy. 

A  number  of  studies  have  been  conducted  on  the  free- 
breathing  PEMFC  with  the  open  type  separator  and  also  with 
the  channel  type  separator.  For  the  open  type  cells,  there  are 
reports  of  the  cell  design  [3,4],  the  effect  of  the  slit  structure  of 
the  separator  on  the  cell  performance  [5],  current  distribution 
measurements,  and  the  effects  of  the  temperature  and  humid¬ 
ity  of  the  surrounding  air  [6].  For  the  channel  type  cells,  there 
have  been  investigations  of  the  effect  of  the  temperature  and 
humidity  of  the  surrounding  air  on  the  stack  performance  [7] 
and  measurements  of  the  current  distribution  [8].  These  reports 
focus  on  the  performance  of  one  type  of  cell  or  stack  with  a  spe¬ 
cific  structure,  and  there  is  very  little  data  on  the  characteristics 
of  the  cathode  separator  structure  comparing  the  performance  of 
cells  with  similar  active  areas.  Thus,  the  optimum  structure  of 
the  cathode  separator  for  a  free-breathing  PEMFC  has  not  been 
fully  investigated. 
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The  aim  of  this  study  is  to  establish  the  effect  of  the  cathode 
separator  structure  on  the  cell  performance  of  a  free-breathing 
PEMFC  without  compressor  and  humidifier.  The  cell  perfor¬ 
mances  of  two  cathode  separator  types  were  compared  and  the 
factors  dominating  the  performance  are  discussed.  The  effects 
of  the  channel  width  and  depth  on  the  cell  performance,  which 
appears  to  be  related  to  natural  convection  in  the  channels,  were 
also  examined  experimentally  in  the  channel  type  cells.  Further, 
a  three-dimensional  numerical  simulation  was  conducted  on  the 
natural  convection  inside  the  channel  and  the  distribution  of  gas 
compositions  to  investigate  the  oxygen  supply  capability  on  the 
cathode  side  and  to  explain  the  results  obtained  in  the  experi¬ 
ments. 

2.  Experimental  apparatus  and  method 

An  outline  of  the  free-breathing  PEMFC  in  this  study  is 
shown  in  Fig.  1.  From  the  left,  the  cell  is  composed  of  an  anode 
end-plate,  anode  separator,  carbon  paper,  membrane  electrode 
assembly  (MEA),  carbon  paper,  cathode  separator,  and  cathode 
end-plate.  The  assembly  pressure  on  the  cells  was  2.8  MPa.  Both 
cells  had  active  areas  of  1 8  cm2  (40  mm  (FI)  x  45  mm  (W))  and 
used  same  parts  except  for  the  cathode  separator  and  end-plates. 
The  anode  side  separator  was  gold-plated  304  stainless  steel 
operated  as  a  current  collector  and  flow-field  plate  for  hydrogen. 
The  MEA  was  PRIMEA  Series  5510  (Japan  GORE-TEX  Inc.), 
the  gas  diffusion  layer  (GDL)  was  carbon  paper  of  TGP-H  (Toray 
Industries,  Inc.),  and  the  GDL  thickness  were  varied  from  0.1 
to  2.16  mm  by  adding  0.1  mm  or  0.27  mm  thick  carbon  papers. 
The  GDL  thickness  at  the  anode  side  was  constant,  0.54  mm. 
The  open  type  cathode  separator  made  of  1  mm  thick  304  stain¬ 
less  steel  has  opening  slits  of  2  mm  x  45  mm  at  1  mm  intervals. 


The  separator  was  held  together  by  the  10  mm  thick  end-plate 
with  a  40  mm  x  45  mm  window  at  the  center.  The  channel  type 
cathode  separators  were  made  of  5154  aluminum  and  designed 
with  1  and  2  mm  wide  channels.  The  channel  depths  were  2,  4, 
6,  8,  or  10  mm  for  the  2  mm  wide  channels  and  2,  5  or  10  mm 
for  the  1  mm  wide  channels.  All  channel  lengths  were  60  mm 
and  widths  of  current  collecting  rib  were  1  mm.  No  decline  in 
cell  performance  due  to  surface  corrosion  of  the  stainless  or  the 
aluminum  separators  was  observed  during  the  experiments. 

To  simulate  the  condition  without  humidifier  and  heater,  dry 
hydrogen  of  99.999%  purity  was  fed  to  the  anode  at  atmospheric 
pressure  from  a  pressurized  bottle.  The  flow  rate  of  the  hydrogen 
was  0.3  L  min-1  for  a  stoichiometry  of  2.5  at  900  mA  cm-2,  and 
the  influence  of  the  anode  side  concentration  overpotential  on 
the  cell  performance  can  be  disregarded.  On  the  cathode  side, 
ambient  air  was  supplied  by  natural  convection.  The  temperature 
of  the  ambient  air  during  the  polarization  measurements  was 
18-22  °C  and  the  relative  humidity  21-33%.  The  cell  voltages 
were  determined  by  average  values  measured  over  3  min  at  each 
current  density. 

3.  Results  and  discussion 

3.1.  Effect  of  cathode  separator  type 

A  free-breathing  PEMFC  requires  both  a  sufficient  supply 
of  oxygen  to  the  cathode  reaction  layer  and  a  uniform  small 
electric  resistance  for  the  cell  layers.  These  factors  influence 
performance  differently  depending  on  the  cathode  structure:  a 
wider  channel  width  and  thinner  gas  diffusion  layer  (GDL)  cause 
a  higher  diffusivity  of  gases  but  a  heterogeneous  distribution  of 
electric  resistance.  Wider  channel  widths  decrease  the  contact 


Anode  separator  Cathode  separator 


(a)  Open  type  (b)  Channel  type 


Fig.  1 .  Schematic  illustration  and  views  of  free-breathing  PEMFCs.  (a)  Open  type  and  (b)  channel  type. 
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Fig.  2.  Polarization  curves  of  the  open  and  channel  type  cathode  equipped  cells 
with  various  diffusion  layer  thickness,  t. 

area  of  the  separator  and  the  GDL,  and  a  thinner  GDL  increases 
the  electric  resistance  along  the  layer,  reducing  the  electric  cur¬ 
rent  passing  from  the  reaction  area  under  the  channel  to  the 
separator  rib.  This  section  reports  experimental  result  to  evalu¬ 
ate  the  effects  of  these  factors  on  the  cell  performance  with  the 
different  cathode  separators. 

Fig.  2  shows  the  polarization  curves  of  the  open  and  the 
channel  cathode  type  cells  with  three  different  cathode  GDL 
thickness,  0.1,  0.54,  and  2.16  mm.  The  channel  of  the  channel 
type  separator  was  6  mm  deep  and  2  mm  wide.  The  polarization 
curves  show  that  both  the  open  and  channel  type  cell  perfor¬ 
mances  are  strongly  affected  by  the  GDL  thickness.  The  limiting 
current  density,  where  voltage  drops  abruptly,  decreases  as  the 
GDL  thickness  increases.  This  is  explained  by  the  increase  in  the 
concentration  overpotential  as  the  oxygen  supply  on  the  cathode 
side  is  inadequate,  and  the  effect  of  the  GDL  thickness  on  the 
oxygen  diffusion  is  considered  to  be  an  important  factor  in  the 
free-breathing  PEMFC  performance.  It  was  expected  that  the 
oxygen  diffusion  with  the  open  type  separator  would  be  supe¬ 
rior  to  that  with  the  channel  type  separator  because  ambient  air 
is  supplied  directly  through  the  slits,  but  there  is  no  significant 
differences  in  the  limiting  current  density  at  the  experimental 
conditions,  as  shown  in  Fig.  2.  The  cell  voltages  decrease  lin¬ 
early  in  the  middle  range  of  the  polarization  curve.  This  is  due  to 
the  ohmic  and  the  concentration  overpotentials.  With  the  open 
type  cell,  the  slope  increases  with  decreasing  GDL  thickness, 
while  the  slope  of  the  curve  of  the  channel  type  cell  is  indepen¬ 
dent  of  the  GDL  thickness.  The  voltage  of  the  channel  type  cell 
is  higher  than  that  of  the  open  type  cell  at  the  same  GDL  thick¬ 
ness  in  the  middle  range  of  current  density,  Fig.  2.  These  results 
of  the  cell  voltage  for  the  GDL  thickness  in  the  middle  range  are 
opposite  trend  for  the  effects  of  the  concentration  overpotentials, 
and  are  considered  to  be  caused  mainly  by  the  difference  in  the 
ohmic  overpotential. 

To  investigate  the  influence  of  the  ohmic  overpotential  in 
detail,  the  cell  impedance  was  measured.  The  measurement  val¬ 
ues  of  cell  impedance  at  a  1  A  (60  mA  cm-2)  constant  load  are 
summarized  in  Table  1 .  The  cell  impedances  measured  at  a  fre¬ 
quency  of  1  kHz  indicate  the  sums  of  the  electric  and  protonic 
resistance  of  separator,  GDL,  membrane  electrode  assembly 


Table  1 

Cell  impedance  at  a  constant  load  of  1  A  (60  mA cm  2) 


Diffusion  layer  thickness 

0.1  mm 

0.54  mm 

2.16mm 

Open  type 

43.4  mQ 

28.6  m^ 

21.8  m£2 

Channel  type 

16.2  m£2 

12.7  m£2 

13.4  mQ 

(MEA)  and  other  components.  As  shown  in  Table  1,  the  open 
type  cell  impedance  decreases  with  increasing  GDL  layer  thick¬ 
ness.  In  the  channel  type  cell,  the  cell  impedance  is  somewhat 
high  with  a  GDL  thickness  of  0. 1  mm,  but  the  differences  in  the 
impedances  for  the  various  GDL  thickness  is  negligible.  The  cell 
impedances  of  the  channel  type  are  also  significantly  lower  than 
that  of  the  open  type.  These  results  are  in  good  agreement  with 
the  tendencies  of  the  polarization  curves  in  the  middle  range. 
Fig.  2. 

The  difference  in  cell  impedance  for  the  GDL  thickness  is 
caused  by  the  electric  resistance  along  the  layers  and  the  contact 
resistance  between  the  different  parts.  The  contact  resistance 
decreases  as  the  contact  pressure  between  the  separator  and  the 
GDL  and  between  the  GDL  and  the  MEA  decreases.  To  measure 
the  contact  pressure  distribution,  a  pressure  sensitive  paper  was 
used  instead  of  the  MEA  for  the  open  and  the  channel  type  cells. 
Fig.  3  shows  photographs  of  the  pressure  sensitive  papers  after 
assembly,  here  the  highly  colored  region  (dark  in  the  figure) 
corresponds  to  the  pressurized  area.  The  channel  type  separator 
with  6  mm  deep  and  2  mm  wide  channels  was  used.  The  pressure 
distribution  of  the  channel  type  cell  was  uniform  over  all  of  the 
pressure  sensitive  paper.  However,  a  slightly  pressurized  area 
appears  in  the  center  of  the  pressure  sensitive  papers  of  the  open 
type  cell.  This  is  due  to  poor  separator  plate  rigidity  because  the 
highly  rigid  end-plate  can  directly  pressurize  only  the  edge  of  the 
MEA  plane  in  the  open  type  cell.  An  increase  in  the  GDL  rigidity 
also  explains  that  the  pressurized  region  spreads  slightly  in  the 
open  type  cell  with  the  GDL  of  0.54  mm.  On  the  other  hand,  both 
the  separator  and  the  end-plate  of  the  channel  type  cell  tightens 
up  all  of  the  MEA  plane  because  no  opening  slits  for  ambient  air 
supply  are  necessary,  and  this  realizes  a  sufficiently  strong  and 
uniform  contact  pressure  distribution  across  the  cell  layers  even 
when  the  GDL  is  thin.  The  tendency  of  the  measured  surface 
pressure  distribution  corresponds  to  that  of  the  cell  impedance 
in  Table  1  and  the  contact  resistance  is  considered  to  be  the 
dominant  factor  affecting  the  cell  impedance. 

The  results  in  this  section  allow  the  conclusion  that  the 
channel  type  cell  is  advantageous  in  contact  resistance  and  that 
it  is  comparable  to  the  open  type  cell  in  the  performance  of 
the  oxygen  supply  in  this  study  using  a  free-breathing  PEMFC 
with  an  active  area  of  18  cm2.  It  also  shows  that  a  thicker  GDL 
improves  the  contact  resistance  but  blocks  the  oxygen  supply 
significantly,  and  especially  for  the  channel  type,  a  GDL  of  about 
0.54  mm  thickness  is  optimum  because  further  increases  in  GDL 
thickness  do  not  improve  the  cell  impedance.  It  is  concluded 
that  a  cathode  structure  that  gives  rise  to  a  uniform  pressure  dis¬ 
tribution  over  all  of  the  cell  layers  is  valuable  to  improve  the  cell 
performance  and  that  the  channel  type  separator  is  more  suitable 
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Fig.  3.  Contact  pressure  distribution  of  (a)  open  and  (b)  channel  type  cathodes  measured  by  pressure  sensitive  paper,  f.  cathode  gas  diffusion  layer  thickness. 


than  the  open  type  separator  for  a  free-breathing  PEMFC.  In 
addition,  with  the  open  type  cell  it  becomes  more  difficult  to 
increase  the  separator  rigidity  with  larger  active  areas,  while  the 
channel  type  cell  can  be  designed  in  a  multi-layer  stack  structure. 

3.2.  Effect  of  convection  at  the  cathode  side 

The  channel  type  fuel  cell  maintains  a  uniform  surface  pres¬ 
sure  and  low  contact  resistance.  The  natural  convection  that 
controls  the  oxygen  supply  is  influenced  by  the  channel  struc¬ 
ture,  and  it  may  be  expected  that  optimization  of  the  channel 
shape  will  result  in  improvements  in  cell  performance.  This  sec¬ 
tion  investigates  the  effects  of  channel  depth  and  width  with  the 
channel  type  separator  on  the  cell  performance. 

Polarization  curves  of  channel  type  cells  with  various  depths 
and  widths  of  separator  channels  are  shown  in  Fig.  4.  The  GDL 
thickness  at  the  cathode  side  was  0.54  mm.  In  the  cases  with 
1  mm  or  2  mm  wide  channels,  the  cell  performance  becomes 
better  as  the  channel  depth  increases.  An  increase  to  10  mm  in 
depth  of  the  2  mm  wide  channel  drastically  enhances  the  limiting 
current  density,  where  voltage  drops  abruptly,  while  increases  in 
depth  with  the  1  mm  wide  channel  is  less  effective.  These  results 
demonstrate  that  the  cell  performance  is  strongly  affected  by  the 
cross  sectional  shape  of  the  channel  which  restricts  the  natural 
convection. 


Fig.  5  shows  the  peak  power  densities  obtained  from  the 
polarization  curves  in  Fig.  4.,  where  the  abscissa  is  the  chan¬ 
nel  depth.  As  the  channel  depth  and  width  increases,  the  peak 
power  density  increases.  The  gradient  of  the  peak  power  den¬ 
sity  curve  of  the  2  mm  wide  channel  decreases  gradually  with 
increasing  channel  depth  and  the  improvement  above  10  mm 
channel  depths  may  be  expected  to  be  smaller.  The  peak  power 


0  50  100  150  200  250  300 

Current  density  (mA/cm2) 

Fig.  4.  Polarization  curves  with  the  channel  type  cathode  with  various  depths 
and  widths  of  the  channels:  gas  diffusion  layer  thickness  0.54  mm. 
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Fig.  5.  Peak  power  densities  derived  from  the  polarization  curves  in  Fig.  4. 

density  of  the  1  mm  wide  channel  rises  linearly  until  the  chan¬ 
nel  depth  reaches  10  mm,  but  the  power  densities  are  smaller 
than  those  of  the  2  mm  wide  channel.  It  is  difficult  to  increase 
the  depth  of  1  mm  wide  channels  above  10  mm  because  of  pro¬ 
cessing  problems,  and  also  wider  channel  widths  than  2  mm 
are  expected  to  deteriorate  the  uniformity  of  the  surface  pres¬ 
sure  distribution  and  the  electric  resistance.  Therefore,  it  may  be 
concluded  here  that  the  optimum  channel  shape  is  2  mm  wide 
and  10  mm  deep,  and  the  maximum  peak  power  density  was 
105  mW  cm-2  in  the  experiments. 

The  effect  of  the  orientation  of  the  cell  on  the  performance  is 
examined  in  Fig.  6,  where  the  orientation  is  that  of  the  channel 
or  slit,  the  vertical  orientation  as  shown  in  Fig.  1  was  used  for 
all  the  previous  measurement.  The  optimum  channel  shape  of 
2  mm  width  and  10  mm  depth  was  used  for  the  channel  type  cell 
and  the  1  mm  wide  opening  silt  separator  was  used  for  the  open 
type  separator.  The  GDL  of  the  cathode  side  was  0.54  mm.  In 
the  channel  type  cell,  the  voltage  in  the  horizontal  orientation 
rapidly  decreases  at  current  densities  higher  than  100  mA  cm-2. 
This  result  supports  the  suggestion  that  the  natural  convection 
affecting  the  oxygen  supply  plays  an  important  role  in  the  cell 
performance  of  the  channel  type  cell.  There  are  no  significant 
differences  between  the  performances  with  the  horizontal  and 


Fig.  6.  Polarization  curves  of  open  and  channel  type  cathodes  oriented  horizon¬ 
tally  and  vertically:  gas  diffusion  layer  thickness  0.54  mm. 


Fig.  7.  Polarization  curves  of  open  and  channel  type  cathodes  when  supplying 
air  to  the  cathode  side  with  and  without  a  fan:  gas  diffusion  layer  thickness 
0.54  mm. 

vertical  orientations  for  the  open  type  cell.  This  may  be  explained 
as  it  is  not  oxygen  supplied  by  natural  convection  that  dominates 
the  performance  of  open  type  cells,  but  rather  the  high  electric 
resistance  caused  by  high  contact  resistance,  as  mentioned  pre¬ 
viously. 

Air  supply  with  natural  convection  was  investigated  above.  It 
is  however  possible  that  forced  airflows  would  affect  the  cell  per¬ 
formance  and  this  was  investigated  with  a  small-scale  fan.  Fig.  7 
shows  the  cell  performance  of  the  channel  and  open  type  cells 
with  the  air  supply  to  the  cathode  side  provided  by  a  small-scale 
fan.  The  channel  width  of  the  channel  type  separator  was  2  mm. 
The  air  was  supplied  from  the  bottom  open  ends  of  cathode  sep¬ 
arator,  where  the  measured  airflow  velocities  above  the  channel 
outlet  were  about  4.5  m  s“ 1  for  the  10  mm  deep  cannel  and  about 
1.7  ms~'  for  the  2  mm  deep  channel.  The  performance  of  the 
channel  type  cell  is  significantly  improved  with  the  small-scale 
fan.  The  cell  performance  of  the  cell  with  the  2  mm  channels 
with  fan  becomes  equal  to  that  of  a  cell  with  10  mm  deep  chan¬ 
nels.  The  performance  of  the  open  type  cell  is  independent  of 
the  airflow  provided  by  the  fan  because  of  the  dominant  high 
contact  resistance.  These  results  show  that  the  channel  type  cell 
is  superior  to  the  open  type  cell  particularly  when  installation  of 
a  small-scale  fan  is  possible. 

3.3.  Numerical  analysis  of  the  increase  in  concentration 
overpotential 

The  experiments  in  Section  3.2  showed  that  the  channel  shape 
strongly  influences  the  performance  of  the  channel  type  cell.  To 
understand  the  factors  dominating  the  oxygen  supply  to  the  cath¬ 
ode  reaction  layer,  a  three-dimensional  numerical  analysis  was 
conducted  on  the  natural  convection  inside  the  cathode  channel 
and  the  distribution  of  oxygen  and  water  vapor  concentration  in 
this  part  of  the  cathode.  The  PEM  module  of  FLUENT  was  used 
for  the  numerical  analysis  [9-13].  This  module  simulates  the 
electrochemical  reaction  in  the  MEA,  the  current  distribution  in 
the  GDL  and  the  separator,  the  gas  flow  and  gas  concentration 
distribution  in  the  GDL  and  the  channel,  and  the  temperature 
distribution  in  all  the  domains  of  the  cell.  The  steady  state  anal- 
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Fig.  8.  Three-dimensional  schematic  diagram  and  geometrical  outline  of  the 
simulation  model. 


Table  2 

Cell  design  parameters 


Description 

Value 

Cell  length,  L  (mm) 

45 

Gas  channel  depth,  D  (mm) 

2,10 

Gas  channel  width,  W  (mm) 

2 

Current  collector  width,  S  (mm) 

1 

Anode  GDL  thickness  (mm) 

0.54 

Cathode  GDL  thickness  (mm) 

0.54 

Anode  catalyst  layer  thickness  (mm) 

0.01 

Cathode  catalyst  layer  thickness  (mm) 

0.01 

Membrane  thickness  (mm) 

0.02 

Porosity  of  anode  GDL 

0.78 

Porosity  of  cathode  GDL 

0.78 

GDL  electrical  conductivity  (£2_1  m-1) 

1250 

ysis  was  performed  using  a  single-phase  model  which  treated 
the  generated  water  as  vapor.  The  convection  in  the  cathode, 
which  is  an  important  factor  in  the  free-breathing  PEMFC,  is 
generated  by  two  factors  arising  from  the  reaction.  One  is  the 
convection  from  the  catalyst  layer  toward  the  channel,  caused 
by  the  overall  produced  gas  in  the  catalyst  layer  where  oxygen 
is  consumed  and  vapor  is  produced.  Another  is  the  vertically 
upward  convection  by  buoyancy  due  to  the  density  change  of 
gas.  We  confirmed  that  this  module  can  consider  both  of  these 
factors  and  it  can  evaluate  the  effect  of  convection. 

A  diagram  of  the  simulation  model 

for  a  free-breathing 

PEMFC  is  shown  in  Fig.  8.  The  cell  design  parameters  and  the 
calculated  conditions  are  summarized  in  Tables  2-4.  The  values 

Table  3 

Properties  of  cell  components  with  default  values  as 

shown  in  Ref.  [9] 

Description 

Value 

GDL  viscous  resistance  (m-2) 

1.0  X  1012 

Catalyst  layer  porosity 

0.4 

Catalyst  layer  surface  to  volume  ratio  (m-1) 

1.0  x  10s 

Catalyst  layer  viscous  resistance  (m-2) 

1.0  x  1012 

Catalyst  layer  electrical  conductivity  (£2_1  m-1) 

1500 

Membrane  equivalent  weight  (kgkmol-1) 

1100 

Membrane  protonic  conduction  coefficient 

0.42 

Membrane  protonic  conduction  exponent 

1 

Table  4 

Calculation  conditions 


Description 

Value 

Room  temperature  (°C) 

20 

Pressure  at  the  anode  gas  channel  inlet  (atm.) 

1 

Relative  humidity  of  hydrogen  (%) 

0 

Temperature  of  hydrogen  (°C) 

20 

Pressure  at  the  cathode  gas  channel  inlet  (atm.) 

1 

Relative  humidity  of  air  (%) 

30 

Temperature  of  air  (°C) 

20 

Hydrogen  flow  rate  for  one  path  (kg  s-1) 

3.7  x  10~8 

in  Tables  2  and  4  are  identical  with  the  experimental  conditions, 
while  the  default  values  in  Ref.  [9]  were  used  for  the  other  cell 
component  properties  in  Table  3  because  of  the  lack  of  accurate 
data.  The  simulation  region  was  in  the  model  shown  in  Fig.  8 
and  the  boundary  conditions  of  the  inlet  and  outlet  of  the  cath¬ 
ode  channels  were  given  by  the  condition  that  air  at  atmospheric 
pressure  and  room  temperature,  20  °C,  could  flow  in  and  out 
freely.  A  constant  temperature  condition  at  room  temperature, 
20  °C,  was  also  given  to  the  side  walls  of  the  separator  as  shown 
in  Fig.  8,  because  the  changes  in  the  measured  temperature  of  the 
outer  walls  of  both  anode  and  cathode  separators  were  negligible 
during  the  experiments. 

To  investigate  the  phenomenon  of  the  poor  oxygen  supply 
at  the  cathode  side,  Fig.  9  shows  the  distributions  of  oxygen 
mole  fractions  under  the  condition  that  the  cell  voltage  decreased 
rapidly  in  the  simulations.  The  cell  voltage  and  current  density 
conditions  are  0.4  V,  HOmAcm'2  for  the  2  mm  deep  chan¬ 
nel  and  0.3  V,  329  mA  cm-2  for  the  10  mm  deep  channel,  and 
the  distributions  are  on  the  x-y  plane  at  -  =  2  mm  (center  of  the 
channel)  in  the  channel.  In  the  2  mm  deep  channel,  oxygen  is 
almost  completely  exhausted  in  the  upper  part  of  the  downstream 


(a)  (b) 


Fig.  9.  Oxygen  mole  fraction  contours  in  the  x-y  plane  at  z  =  2mm  (center  of 
the  channel),  (a)  channel  depth  2  mm  at  0.4  V,  170  mA  cm-2  and  (b)  channel 
depth  10  mm  at  0.3  V,  329  mA  cm-2. 
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Fig.  10.  Temperature  contours  in  the  x-y  plane  at  z  =  2  mm  (center  of  the  chan¬ 
nel),  channel  depth  10 mm  at  0.3  V,  329  rnA cm-2. 


region,  however,  enough  oxygen  remains  even  near  the  channel 
exit  (y  =  40mm)  in  the  10  mm  deep  channel.  Fig.  10  shows  the 
temperature  distribution  on  the  same  plane  as  in  Fig.  9  in  the 
10  mm  deep  channel.  The  temperature  of  GDL  surface  increases 
and  remains  about  24  °C,  and  the  average  density  change  of  gas 
in  the  channel  due  to  temperature  rise  is  about  0.006  kg  m-3 .  On 
the  other  hand,  the  average  density  change  of  gas  in  the  channel 
due  to  gas  composition  change  is  about  0.050  kg  m-3 .  This  indi¬ 
cates  that  the  natural  convection  is  mainly  caused  by  the  change 
in  gas  composition  due  to  the  reaction. 

Fig.  1 1  shows  the  velocity  profiles  of  the  gas  near  the  exit 
of  the  channel  in  Fig.  9  (y  =  40mm).  The  natural  convection 
in  the  cathode  channel  is  considered  to  be  determined  both  by 


Fig.  1 1 .  Velocity  profiles  in  the  cathode  gas  channel  along  the  .v-direction  at 
y  =  40  mm  (exit  of  the  channel)  and  z  =  2  mm  (center  of  the  channel). 


0  2  4  6  8  10 

Distance  from  active  surface  (mm) 

Fig.  12.  Local  profiles  of  the  oxygen  mole  fraction  along  the  .v-direction  at 
Z  =  2mm,  channel  depth  2mm  at  0.4V,  1 70mA cm  2  and  10mm  at  0.3V, 
329  mA  cm-2. 


the  buoyancy,  which  was  generated  by  the  temperature  increase 
and  change  in  gas  composition,  and  by  the  channel  resistance. 
Although  the  maximum  flow  velocity  in  the  10  mm  deep  chan¬ 
nel  is  slightly  higher  than  that  in  the  2  mm  channel,  the  velocity 
distribution  profiles  in  the  velocity  boundary  layer  are  very  sim¬ 
ilar.  The  flow  rates  of  the  gas  are  1.15  x  10_7kgs_1  inthe2mm 
deep  channel  and  5.78  x  I  0“  7  kg  s~ 1  in  the  10  mm  deep  chan¬ 
nel,  so  the  gas  availability  for  the  cell  with  10  mm  deep  channels 
is  about  the  one  fifth  of  the  cell  with  2  mm  channels.  The  supply 
rate  of  oxygen  to  the  GDL  surface  is  mainly  determined  by  the 
velocity  distribution  profile  in  the  velocity  boundary  layer  and 
the  difference  in  the  oxygen  concentration  between  on  the  GDL 
surface  and  in  the  main  stream  of  gas.  Therefore,  the  perfor¬ 
mance  difference  is  mainly  due  to  the  difference  in  the  oxygen 
concentration  in  the  downstream  region,  and  the  concentration 
depends  on  the  flow  rate  of  the  gas. 

To  examine  the  concentration  profile  on  the  cathode  electrode 
plane  in  detail,  the  distributions  of  oxygen  concentrations  in  the 
cathode  GDL  and  the  channels  are  shown  in  Fig.  12.  The  profiles 
are  along  the  lines  z  =  2  mm  (center  of  the  channel)  and  y  =  5  mm 
(near  the  inlet),  22.5  mm  (center),  and  40  mm  (near  the  outlet). 
It  shows  that  the  molar  fraction  of  oxygen  becomes  less  than 
0.03  on  the  MEA  surface  in  the  downstream  region  even  with 
10  mm  deep  channel.  The  oxygen  concentration  decreases  in  the 
2  mm  deep  channel,  while  the  concentration  in  the  main  stream 
of  the  gas  remains  adequate  but  the  large  gradient  in  oxygen 
concentration  in  the  GDL  induces  the  high  oxygen  supply  rate 
in  the  10  mm  deep  channel.  The  current  density  in  the  10  mm 
deep  channel  is  about  twice  that  of  the  2  mm  deep  channel.  From 
this  result,  it  can  be  concluded  that  the  increases  in  concentra¬ 
tion  overpotential  are  mainly  caused  by  a  shortage  of  oxygen 
in  the  2  mm  deep  channel  and  by  the  high  oxygen  transfer  rate 
in  and  near  the  GDL  in  the  10  mm  deep  channel,  respectively. 
The  experimental  result  shows  that  the  improvement  is  reduced 
in  the  2  mm  wide  channel  with  a  depth  of  more  than  10  mm, 
as  shown  in  Fig.  5.  It  can  be  explained  by  the  cell  performance 
being  controlled  not  by  a  shortage  of  oxygen  in  the  main  stream 
but  by  the  oxygen  transfer  rate  toward  the  GDL  surface,  which 
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Distance  from  active  surface  (mm) 


Fig.  13.  Local  profiles  of  the  water  vapor  mole  fraction  along  the  x-direction 
at  7.-2  mm.  channel  depth  2  mm  at  0.4  V,  170mA  cm  2  and  10  mm  at  0.3  V, 
329  mA  cm-2. 

is  a  function  of  boundary  layer  thickness,  in  the  channel  with  a 
depth  of  more  than  10  mm. 

Fig.  13  shows  the  mole  fraction  of  water  vapor  on  the  same 
line  as  in  Fig.  12.  In  spite  of  the  lower  current  density,  the  mole 
fractions  of  water  vapor  in  the  2  mm  deep  channel  are  higher  than 
those  in  10  mm  deep  channel.  The  lower  flow  rate  of  the  2  mm 
deep  channel  increases  the  rate  of  generated  water  vapor  and 
consumed  oxygen  to  the  flow  rate,  which  causes  a  higher  mole 
fraction  of  water  vapor  and  a  lower  mole  fraction  of  oxygen. 

4.  Conclusions 

The  effect  of  the  cathode  separator  structure  on  the  perfor¬ 
mance  characteristics  of  a  free-breathing  PEMFC  was  studied 
by  experiments  and  numerical  analysis.  The  results  may  be  sum¬ 
marized  as  follows: 

1.  In  cells  with  open  type  cathode  separators,  the  contact  resis¬ 
tance  of  the  cell  becomes  high  because  it  is  difficult  to  realize 
a  sufficiently  strong  and  uniform  contact  pressure  distribu¬ 
tion  across  the  cell  layers.  The  high  contact  resistance  has  a 
stronger  influence  on  the  cell  performance  than  the  charac¬ 
teristics  of  the  natural  convection. 

2.  The  channel  type  cathode  separator  can  maintain  low  con¬ 
tact  resistance  and  the  cell  performance  is  controlled  by  the 
supply  of  oxygen  by  natural  convection  in  the  channels.  The 


supply  of  oxygen  is  strongly  affected  by  the  cross-sectional 
shape  of  the  cathode  separator  channel,  and  the  maximum 
peak  power  density  of  the  cell  with  the  18  cm1 2  active  area 
investigated  here  is  lOimWcm  2  using  10  mm  deep  and 
2  mm  wide  channels. 

3.  The  numerical  analysis  demonstrated  that  the  natural  con¬ 
vection  is  mainly  caused  not  by  temperature  rise  but  by  the 
change  in  gas  composition  due  to  the  reaction  in  the  cell 
with  channel  type  separators.  The  maximum  current  density 
limitations  on  the  cathode  channel  type  cell  arise  due  to  the 
concentration  overpotential  on  the  cathode  side.  The  limita¬ 
tions  of  the  cell  with  2  mm  wide  and  2  mm  deep  channels  are 
due  to  oxygen  shortage  in  the  channel  downstream  part.  On 
the  other  hand,  with  2  mm  wide  and  10  mm  deep  channels, 
the  oxygen  concentration  in  the  main  stream  is  adequate  and 
the  mass  transfer  rate  of  oxygen  toward  the  surface  of  gas  dif¬ 
fusion  layer,  which  is  a  strong  function  of  natural  convection 
in  the  cathode  channel,  is  predominant. 
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